The development of functional chloroplasts, which is assisted by a series of nuclear-encoded auxiliary protein factors, is essential for plant autotrophic growth and development. To understand the molecular mechanisms underlying chloroplast development, we isolated and characterized a pigment-defective mutant, pdm2, and its corresponding variegated RNA interference (RNAi) lines in Arabidopsis. Sequence analysis revealed that PDM2 encodes a pentatricopeptide repeat protein that belongs to the P subgroup. Confocal microscopic analysis and immunoblotting of the chloroplast protein fraction showed that PDM2 was located in the stroma. In RNAi plants, protein-related photosynthesis was severely compromised. Furthermore, analysis of the transcript profile of chloroplast genes revealed that plastid-encoded polymerase-dependent transcript levels were markedly reduced, while nuclearencoded polymerase-dependent transcript levels were increased, in RNAi plants. In addition, PDM2 affects plastid RNA editing efficiency in most editing sites, apparently by directly interacting with multiple organellar RNA editing factor 2 (MORF2) and MORF9. Thus, our results demonstrate that PDM2 is probably involved in the regulation of plastid gene expression required for normal chloroplast development.
Introduction
In higher plants, chloroplasts develop from proplastids. During the process of chloroplast biogenesis, the enlarged proplastids respond to light, and then the invaginated inner envelope of proplastids enfolds to form more vesicles that are linked and merged together. Subsequently, these vesicles fuse into a lamellar structure that can be complemented by smaller, disc-shaped structures that develop into grana stacks. Meanwhile, the developing chloroplast forms a typical lens shape. Finally, the mature chloroplast containing a well-developed thylakoid membrane is formed (López-Juez 2007 , Jarvis and López-Juez 2013 , Osteryoung and Pyke 2014 .
Chloroplast development is tightly linked to embryogenesis (Kobayashi et al. 2007) . Accompanied by the accumulation of proteins and lipids required for photosynthesis, Chl is synthesized in the heart-stage embryos; photosynthesis in chloroplasts subsequently offers energy for embryo development (Kobayashi et al. 2007) . As the critical event in embryogenesis, the synthesis of some compounds such as amino acids, lipids and phytohormones also occurs in chloroplasts (Ruuska et al. 2004) . Genetic screens in Arabidopsis have demonstrated that impairment of plastid functions can perturb embryogenesis and even result in embryo lethality (Bryant et al. 2011 , Muralla et al. 2011 , Lloyd and Meinke 2012 .
Indeed, among the 400 Arabidopsis genes so far identified as essential for embryo development, about 30% encode chloroplast-localized proteins (see the SeedGenes Project database, http://www.seedgenes.org/). Several of these genes which encode chloroplast proteins which belong to the pentatricopeptide repeat (PPR) protein family have been reported (Myouga et al. 2010) . The PPR proteins are characterized by the presence of a degenerate 35 amino acid repeat sequence that is found extensively in higher plants (Barkan and Small 2014) . The PPR protein family is classified into two subfamilies: P and PLS. The PLS subfamily is further classified into PLS, E and DYW subclasses (Lurin et al. 2004, Barkan and Small 2014) . PPR genes constitute a large multigene family in higher plants, such as Arabidopsis and rice, and most members of the PPR family are predicted to localize to either mitochondria or chloroplasts (Lurin et al. 2004 ). Genetic studies on PPR genes reveal that most proteins belonging to the PPR family are involved in editing, splicing and regulating the stability of various organellar transcripts Small 2008, Barkan and Small 2014) .
During embryogenesis and chloroplast development of vascular plants, coupled plastid gene expression is a modulated process, which includes transcription, RNA splicing, translation and post-translational modification of a protein (Bryant et al. 2011) . As a critical intermediate step, the plastid transcription is conducted by two types of RNA polymerases: the nuclearencoded RNA polymerase (NEP) and the plastid-encoded RNA polymerase (PEP) (Hedtke et al. 1997 ). The NEP is a bacteriophage-type, single-subunit RNA polymerase (Hedtke et al. 1997) , whereas the PEP is a eubacterial-type, multisubunit RNA polymerase that consists of core subunits encoded by plastid genes (rpoA, rpoB, rpoC1 and rpoC2) and factors encoded by nuclear genes (Hess and Börner 1999) . Genetic analyses have shown that some PPR proteins are involved in plastid transcription, which is crucial for chloroplast development and embryogenesis. For example, DG1 (Chi et al. 2008) , YS1 (Zhou et al. 2009 ), AtECB2 (Yu et al. 2009 ) and PDM1/SEL1 (Wu and Zhang 2010 , Yin et al. 2012 , Pyo et al. 2013 ) are essential for PEP-dependent chloroplast transcription. However, it is unclear whether these PPR proteins are directly associated with the PEP complex.
In addition to plastid transcription, as a post-transcriptional process that alters specific cytidine-to-uridine (C-to-U) conversion in the chloroplast and mitochondrial, RNA editing can also affect plant growth and development (Shikanai 2006 , Steiner et al. 2011 , Sun et al. 2015 . To date, dozens of members of the PLS subfamily taking part in plastid RNA editing have been identified (Takenaka et al. 2013) . For example, CLB19, AtECB2 and PDM1/SEL1 are partly required for normal chloroplast development by influencing the efficiency of RNA editing (Chateigner-Boutin 2008 , Yu et al. 2009 , Pyo et al. 2013 . In addition to the PPR proteins, some mutants of multiple organellar RNA editing factors such as morf2 and mof9 exhibit severe problems in chloroplast development by widely affecting RNA editing in plastids . Recently, a tetrapyrrole biosynthetic enzyme, PPO1, was determined to be a requirement for plastid RNA editing, where it promotes the stability of multiple organellar RNA editing factor (MORF) proteins. Furthermore, the C-terminal regions of MORF2 and MORF9 that harbor the MORF/RIP motif have been proved to interact with these PPR proteins and DYW1 (Zhang et al. 2014) .
Although accumulating evidence suggests that PPR proteins take part particularly in organellar RNA processing, only a few PPR proteins have been functionally characterized in detail, whereas the function of the vast majority remains largely unknown. In the present study, we have characterized a novel PPR protein, PDM2, which belongs to the P subgroup, and analyzed the function of PDM2 in chloroplast and embryo development. Our results showed that functional deterioration in PDM2 inflicts significant damage on accumulation of plastid-encoded gene transcripts and RNA editing in plastids, thereby resulting in defective thylakoid membrane stack development, ultimately blocking plant development. These findings suggest that PDM2 is probably involved in the regulation of plastid gene expression and normal chloroplast development.
Results

Phenotypic characterizations of PDM2 knock-out and knock-down lines
Almost all of the PPR proteins are targeted to mitochondria or plastids (the two organelles with genomes), where they are involved in various RNA-processing steps, including intron splicing, endonucleolytic processing, RNA stability and access to translation (Barkan and Small 2014) . The biological roles of several PPR proteins have been investigated by mutagenesis, which further distinguished the functions of these genes. The present study obtained one such mutant, designated as pigment-defective mutant2 (pdm2), which harbors a T-DNA insertion in the At1g10910 gene, and the sequencing of T-DNAflanking sequences has shown that the T-DNA was inserted into the third exon of the At1g10910 gene (Fig. 1A) . The pdm2 mutant showed an albino cotyledon without primary true leaves (Fig. 1B) , and only survived for roughly 1 week when grown in soil (data not shown). Therefore, it was seedling lethal under autotrophic growth conditions. Even when supplemented with sucrose as a carbon source, the pdm2 mutant cannot develop true leaves. Under the light conditions of 40 mmol m -2 s -1
, neither viability nor pigmentation of this RT-PCR was performed using specific primers for AT1G10910 or ACTIN11. (D) Total proteins isolated from wild-type, pdm2 and COM leaves (15 mg) were separated by SDS-PAGE, followed by immunoblot analysis with anti-FLAG antibody.
mutant was restored (Fig. 1B) . These results indicated that the mutation of PDM2 leads to a seriously albino phenotype.
To confirm that the phenotype of the pdm2 mutant was caused by the T-DNA insertion in the At1g10910 gene, we transformed pdm2 heterozygous mutants with a full-length coding region of the At1g10910 gene with a FLAG tag at its C-terminus via an Agrobacterium tumefaciens-mediated method (Clough and Bent 1998) . After screening, we obtained homozygous transgenic plants with similar growth rates and other related phenotypes of wild-type plants (Fig. 1B) , suggesting that the inactivation of the At1g10910 gene is responsible for the pdm2 mutant phenotype. Reverse transcription-PCR (RT-PCR) analysis showed that expression of the At1g10910 gene was undetectable after 35 cycles, whereas strong signals were obtained from wild-type and transgenic plants, indicating that pdm2 is a null mutant and the transgenic plants rescued its function (Fig.  1C) . Results of Western blotting showed that a protein of approximately 70 kDa, which was consistent with the predicted size of the FLAG-tagged PDM2, was detected by using a FLAG antibody only in the transgenic rather than wild-type plants, indicating that the PDM2-FLAG correctly functions as a PDM2 in transgenic plants (Fig. 1D) .
The homozygous pdm2 mutant is lethal in the early stage of seedling and unable to develop true leaves. To obtain the appropriate materials to study the function of PDM2 by using knock-down mutants, we used RNA interference (RNAi) technology to generate PDM2 knock-down plants, The results showed that 35 out of 51 RNAi transgenic lines with the albino cotyledon phenotype were obtained (data not shown). In a further study, RNAi transgenic line 4, 15 and 21 with a range of stable phenotypes with respect to white cotyledons and stunted plant growth were selected ( Fig. 2A) . When grown in sucrose-supplemented medium, all of the transgenic lines developed true leaves and showed a variegated pattern with different levels of yellow and green patches in the early stage ( Fig. 2A, B) . Later, we observed that the yellow parts became white, and finally the green parts were sufficient to sustain the autotrophic growth of the seedlings when transferred to soil (Fig. 2C, D) . RT-PCR analysis showed that the abundance of At1g10910 transcripts in the three RNAi transgenic plants with albino cotyledon phenotypes was significantly lower than that of the wild-type plants (Fig. 2E) . In fact, the RNAi 4 plants mimicked the phenotypes of pdm2, in which the PDM2 transcripts were almost absent. Subsequently, a subset of experiments could be suitably performed on RNAi 4 plants due to the most severely affected phenotype, although the partial heterotrophic ability remained.
Embryogenesis was affected in pdm2
A previous study reported that plastids play an important role in plant development (Romani et al. 2012) . Since pdm2 showed the albino phenotype, we speculate that embryogenesis in selffertilizing heterozygous mutants might be abnormal due to defective chloroplasts in the embryo. Therefore, we analyzed the seeds in developing and mature siliques of heterozygous mutants. Fig. 3A and B shows that the siliques of heterozygous mutants contained both white and green seeds, whereas the seeds in developing siliques of wild-type plants were all green. Statistical analysis showed that the segregation ratio of the green and white seeds in siliques was close to 3 : 1 (data not shown), which was in accordance with pdm2 being a single recessive mutant. Moreover, with the purpose of determining whether embryonic development in pdm2 plants was arrested, we examined the embryos from these white and green seeds in the pdm2 heterozygous mutants from a developmental series of siliques using differential interference contrast (DIC) light microscopy. Assessment of cleared seeds in the same silique indicated that the development of homozygous mutant seeds was affected, especially during the globular-to-heart stage ( Fig. 3C-F) , whereas embryos in the wild -type and heterozygous seeds underwent well-defined developmental stages ( Fig. 3G-J ).
Chloroplast development was affected in the PDM2 knock-down line
To assess the function of PDM2 in chloroplast development, plastids from the 28 d variegated part of seedling mesophyll cells of RNAi 4 plants in soil were examined by transmission electron microscopy. With light conditions of 100 mmol m -2 s -1 , chloroplasts in wild-type plants were crescent shaped and contained well-developed thylakoid membranes consisting of stroma thylakoids and grana thylakoids (Fig. 4A, B) . In comparison, in albino RNAi 4 cells, ultrastructural analysis revealed the presence of degenerate organelle-like structures that lacked the lens-like structure typically observed in mature chloroplasts in the wild-type plants (Fig. 4C, D) . Several of these structures in each albino cell were roughly similar to normal chloroplasts; however, the internal membranes were non-stacked and did not differentiate into grana and stroma thylakoids (Fig. 4D) . In green sector cells from RNAi 4 plants, chloroplasts contained organized thylakoid membranes and appeared indistinguishable from those of the wild type (Fig. 4E) . No cells were observed to contain a mixture or intermediate forms of these two plastid types.
Knock-down of PDM2 disrupts accumulation of Chl and photosynthetic protein complexes
Recent studies have shown that the biogenesis of Chl is tightly co-ordinated with chloroplast development and function (Kobayashi et al. 2014) . Given that the RNAi transgenic plants displayed a Chl-deficient variegation phenotype, we compared the amount of Chl in the leaves of the transgenic lines with that of the wild-type plants (Fig. 5A ). In correlation with the plant growth phenotype, the Chl contents of RNAi 4, 15 and 21 plants were much lower than that of the wild-type plants (Fig. 5A ). This suggests that PDM2 might be involved in chloroplast development and biogenesis.
To investigate further the effect of PDM2 disruption in chloroplast development, we analyzed the protein profile of RNAi transgenic lines. A significant reduction of the large subunit of the stromal protein ribulose biphosphate caboxylase (RbcL) was observed by Coomassie brilliant blue staining ( Supplementary Fig. S1A ). Furthermore, D1 and CP47, the two main subunits of PSII, were markedly reduced in RNAi 4 plants (decreased to 15-20% of that of the wild type), whereas PsbO, encoded by a nuclear gene, was relatively less affected ( Fig. 5B; Supplementary Fig. S1B ). The amounts of the PSI proteins, PsaA/B and PsaC, were barely detectable (reduced to approximately 5% of that of the wild type), and the protein levels of PetD and CF1b, which represent the Cyt b 6 /f and ATPase complex, were reduced to 20% of that of the wild type ( Fig. 5B; Supplementary Fig. S1B ). In addition, NdhH, a hydrophilic subunit of the NDH complex, was also greatly affected in RNAi 4 plants ( Fig. 5B; Supplementary Fig. S1B ). The content of some representative subunits of these complexes significantly decreased in RNAi 4 plants, indicating that PDM2 extensively influenced the accumulation of thylakoid proteins.
The PDM2 gene encodes a PPR protein localized in the chloroplast BLAST searches revealed that PDM2 is a member of the PPR protein family, which contains 11 PPR or PPR-like motifs (Fig.  6A) . In addition, according to the classification of PPR proteins (Lurin et al. 2004 , Rivals et al. 2006 , PDM2 belongs to the P subfamily. The PDM2 gene encodes a polypeptide of 664 amino acids with a putative chloroplast transit peptide of 72 amino acids at its N-terminus (Fig. 6B) , as predicted by the programs TargetP 1.1 and ChloroP 1.1. The PDM2 homologous proteins are conserved in grape, rice and maize (Fig. 6B) , and PDM2 in Arabidopsis shows high similarity to Vitis vinifera protein VITVI15777 (69% similarity), Glycine max protein GLYMA08G19900 (61% similarity), Oryza sativa protein Os01g37870 (56% similarity), Zea mays protein GRMZM2G093098 (55% similarity) and Sorghum bicolor protein (54% similarity). To explore the relationship of PDM2 with other family members further, a phylogenetic tree (www.phylogeny.fr) of the closest amino acid sequences from Arabidopsis, Ricinus communis, rice, sorghum and maize was constructed using the results of a BlastP search of the NCBI non-redundant protein database (http://blast.ncbi.nlm.nih.gov/Blast.cgi; Fig. 6B ). The tree demonstrated that these proteins could be divided into three groups (Fig. 6C) .
To assess the subcellular distribution of PDM2, a construct containing 35S:PDM2-GFP was transformed into Arabidopsis protoplasts. Transient expression showed that the fusion proteins were exclusive to chloroplasts and co-localized with Chl, which was in agreement with the results obtained when green fluorescent protein (GFP) was fused to the transit peptide of the small subunit of ribulose bisphosphate carboxylase (Fig.  7A) . When GFP was fused to the target signals of the fibrillarin and FRO1 proteins, GFP signals were specifically located in the nucleus and mitochondria, respectively (Fig. 7A) . To confirm further the location of PDM2 within chloroplasts, intact chloroplasts from the transgenic plants with FLAG-tagged PDM2 were isolated and fractionated, and the proteins in different fractions were separated by SDS-PAGE followed by immunoblot analysis. Fig. 7B shows that the FLAG-tagged PDM2 was detected only in the stroma fraction, but not in the envelope or thylakoid membrane fraction of the chloroplasts.
Knock-down of PDM2 affects transcript levels of chloroplast genes
The transcript level of plastid-encoded genes is tightly linked with chloroplast developmental status, and this level is generally dependent on the activity of two RNA polymerases from different origins: plastid-encoded polymerase (PEP) and nuclear-encoded polymerase (NEP) (Hedtke et al. 1997) . To assess the possibility that the delayed chloroplast development in RNAi 4 plants may be reflected at the transcript level, we compared the transcript profiles of various chloroplastencoded genes between 14-day-old wild-type plants and RNAi 4 plants by quantitative real-time PCR (Fig. 8A, C, D) . The six genes, psaA, psbA, psbB, petB, ndhA and rbcL, were selected as PEP-dependent genes (class I), and the results showed that the transcript levels of these genes were markedly reduced in RNAi 4 plants. In order to confirm this result further, we carried out Northern blot analysis of six selected genes with sequence-specific labeled probes. The steady-state levels of transcripts are almost coincidental (not completely) with the quantitative real-time PCR analysis, and the processing pattern between the wild-type and RNAi 4 plants did not differ greatly (Fig. 8B) . In contrast, the transcript levels of the plastid genes, including accD, ycf2, rps18, rpoA, rpoB, rpoC1 and rpoC2, which were chosen as NEP-dependent genes (class III), all increased in RNAi 4 plants (Fig. 8C) . In particular, the core subunits of the NEP, rpoA, rpoB, rpoC1 and rpoC2, which are encoded by plastids, was several fold higher in RNAi 4 plants than in the wildtype plants (Fig. 8C) . However, among the representative class II genes transcribed by either NEP or PEP, including rrn16s, rrn23s, clpP, ndhB, ndhF, ycf1 and atpB, only rrn16s and rrn23s showed reduced transcript levels, but the others presented increased or unchanged levels in RNAi 4 plants (Fig. 8D) .
Knock-down of PDM2 affects multiple editing sites in plastids Some PPR mutants leading to PEP-defective transcription are also influenced by chloroplast RNA editing, such as clb19, ys1, atecb2 and vanilla cream 1 (vac1) (Chateigner-Boutin et al. 2008 , Zhou et al. 2009 , Yu et al. 2009 , Tseng et al. 2010 . The PDM2 mutations resulted in similar pigment-defective and seedling-lethal phenotypes in these mutants, and whether PDM2 has a similar function in RNA editing is unclear. Furthermore, although PDM2 belongs to a P subfamily of PPR proteins, most reports do not indicate any function in RNA editing. To address this issue, we tested the RNA editing status of sites of RNAi 4 plants and, surprisingly, we determined that most of plastid editing sites were altered in RNAi 4 plants compared with wild-type plants ( Fig. 9; Supplementary Fig.  S2 ). The editing efficiencies of all sites in ndhB, ndhD, ndhF and ndhG transcripts were reduced to different levels in the RNAi 4 plants ( Fig. 9; Supplementary Fig. S2 ). In addition, the RNA editing efficiency of accD-1 (794) was also significantly reduced, and RNA editing of accD-2 (3 0 UTR-58462) was completely abolished in the RNAi4 plants. Meanwhile, in the RNAi 4 plants, RNA editing of some plastid transcripts (atpF, psbE, psbF, psbZ, rpl23, matK, rpoB, rpoC1, clpP and rps12) was mildly reduced or unchanged relative to that of the wild type ( Supplementary Fig. S2 ).
PDM2 is a component of the high molecular weight protein complexes Characterized PPR proteins have been reported in high molecular weight protein-RNA complexes that contain both proteins and RNAs in the chloroplast stroma Barkan 2003, Schmitz-Linneweber et al. 2006) . To determine whether PDM2 is a component of the RNA-protein complex in vivo, we examined the position of the FLAG-tagged PDM2 protein in soluble fractions using sedimentation through a sucrose gradient and probing immunoblots with the FLAG antibody (Fig. 10A) . The FLAGtagged PDM2 proteins were predominantly distributed in a mass of 70-300 kDa, but their abundance was markedly reduced due to the RNase A treatment prior to sedimentation (Fig. 10A) . These results suggest that PDM2 is a component of a high molecular weight protein complex that is associated with RNAs.
Recent studies have shown that two proteins, MORF2 and MORF9, are targeted to plastids that are required for chloroplast RNA editing (Takenaka et al. 2013) , and PPO1 mainly as a regulator that promotes the stability of MORF proteins through physical interaction (Zhang et al. 2014) . To investigate further the role of PDM2 in RNA editing, we examined the physical interaction of PDM2 with MORF2, MORF9 and PPO1 by using the yeast two-hybrid assay. The mature form of PDM2 was determined to interact with MORF2 and MORF9, but not The amino acid sequence of PDM2 was compared with that of homologous proteins of other species using ClustalW 2.0 (Larkin et al. 2007 ). The putative cleavage site of the transit peptide in PDM2 is indicated by an inverted triangle. Lines above the sequences show the predicted P-or PPR-like (S and L) motifs. Black boxes indicate amino acid residues with >80% homology, and gray boxes indicate amino acids with >60% homology. The amino acid sequences are NP_172560.2 for Arabidopsis, XP_002270184.2 for grape, XP_003531588.2 for soybean, NP_001043343.2 for rice, XP_008675501.1 for maize and XP_002455801.1 for sorghum. (C) Phylogenetic tree of PDM2 and the six closest PPR family members from grape (VITVI), soybean (GLYMA), Arabidopsis (AT), sorghum (Sb), maize (GRMZM) and rice (Os). PPO1 (Fig. 10B) . In addition, the editing of ndhB and ndhD transcripts, reported previously to be affected by specific editing factors, including CRR4, CRR22, CRR28, OTP80, OTP82 and a DYW domain-containing protein, DYW1 (Kotera et al. 2005 , Ohtani et al. 2010 , Boussardon et al. 2012 , were also found to be severely influenced by the mutations that interrupt PDM2. Thus, yeast twohybrid analysis to examine the interaction between PDM2 and these editing-related factors indicated that no interactions occurred ( Supplementary Fig. S3 ). These findings indicate that PDM2 might affect RNA editing by interacting with MORF2/9, as a part of the high molecular weight protein-RNA complex.
Discussion
The identification of PPR proteins and the elucidation of its functions provide new insights into organelle biogenesis and function during plant growth and development (Barkan and Small 2014) . Mutations in several PPR genes cause lethality or give rise to discernible phenotypes (Barkan and Small 2014) . In the present study, through a series of analyses of T-DNA-tagged mutant and RNAi transgenic plants, we identified and characterized PDM2, a novel PPR protein that affects proper chloroplast gene expression and development in Arabidopsis.
The pdm2 mutant showed a lethal phenotype that was accompanied ny albino cotyledons under autotrophic conditions; however, when grown on sucrose-supplemented medium, it was unable to produce primary leaves even under low light intensity (Fig. 1A) . The pdm2 mutant clearly differed from other reported mutants with inhibited chloroplast development, which continued to develop true leaves under the same conditions (Huang et al. 2009 , Yu et al. 2009 , Pyo et al. 2013 . Genetic complementation analysis of pdm2 with the PDM2-coding sequence indicated that the disruption of the PDM2 leads to the phenotypes of pigment-defective and seedling-lethal, thereby suggesting the important role of PDM2 in chloroplast development (Fig. 1B) . Similarly, white cotyledons and variegated leaves were observed in the PDM2 knock-down lines ( Fig. 2A-D) . Within a variegated leaf, the development of remnant normal chloroplasts was alternatively triggered in most cases. We can confirm the fact that the variegation phenotype of transgenic lines resulted from RNA silencing via RNAi, particularly when a nuclear gene required for chloroplast biogenesis was suppressed (e.g. van der Krol et al. 1988 ). The observations of the phenotypes of variegation in true leaves and albinism in cotyledons of the RNAi lines were suggestive of the different functions of PDM2 at various developmental stages. Moreover, the RNAi lines with albino and variegated leaf phenotypes in Arabidopsis serve as evidence for the requirement for PDM2 in chloroplast biogenesis.
The analysis of the subcellular location of PDM2 in protoplasts has verified that PDM2 is present in the chloroplast, which was in line with the results of immunoblot analysis of chloroplast proteins (Fig. 7) . Ultrastructural analysis indicated that the plastids of RNAi 4 plants did not fully develop, and stacked thylakoid membranes were absent in the transgenic plants (Fig. 4) . Thus, the functional PDM2 protein is probably required for thylakoid membrane formation and chloroplast development. Similar phenotypes were also observed in other reported mutants that were related to PEP-associated proteins (PAPs) and plastid transcriptionally active chromosome proteins (pTACs) (Pfalz et al. 2006 , Steiner et al. 2011 . In addition to the defect in chloroplast development, the rate of embryogenesis of pdm2 was significantly slower than that of the wild type, indicating an effect of PDM2 in embryogenesis, particularly at the globular-to-heart stage ( Fig. 3G-J) . Interestingly, the disruption of PDM2 leads to similar phenotypes in most putative mutants with disrupted embryo development via impacting plastid biology, which results in the premature arrest of the globular-to-heart stage of embryonic development (Pogson et al. 2015) . Moreover, the phenotypes of PDM2 also consist of previous albino or pale-green mutants such as edd1 and slp, which undergo defective chloroplast development and abnormal embryogenesis (Apuya et al. 2001 , Moschopoulos et al. protein within the chloroplast by using the GFP assay. PDM2-GFP, PDM2-GFP fusion construction; Chl-GFP, control with the transit peptide of the ribulose bisphosphate carboxylase small subunit; Mit-GFP, control with the mitochondrial localization signal of FRO1; Nuc-GFP, control with the nuclear localization signal of fibrillarin. (B) Immunolocalization of PDM2. Intact chloroplasts (Chl) were isolated from the leaves of FLAG-tagged complemented Arabidopsis, and then separated into envelope (Env), stroma (Str) and thylakoid membrane (Thy) fractions. Antisera were used against FLAG, the integral thylakoid membrane protein D1, the integral inner envelope membrane protein Tic110 and the abundant stroma protein ribulose bisphosphate carboxylase large subunit (RbcL). 2012). One possibility is that the defective embryonic development observed in pdm2 is due to photosynthetic dysfunction that is caused by the impairment of thylakoid membranes. In particular, the amount of biosynthetic products necessary for embryonic development is probably not enough for the pdm2 embryo to undergo a normal development rate (Kobayashi et al. 2007 ). These results suggest that PDM2 functions during early chloroplast biogenesis.
In RNAi 4 plants, the levels of PEP-dependent gene transcripts were dramatically reduced, whereas those of NEP-dependent genes increased or remained unchanged (Fig. 8B, C) , suggesting a possible role that PDM2 played in the regulation of plastid gene expression. Therefore, the early arrest of chloroplast development in pdm2 might be due to the reduced PEP activity. A similar transcription pattern has also been observed in the sig6 , Chi et al. 2010 ) and other PEP-defective mutants such as pdm1/sel1 (Pyo et al. 2013) , ptac2/ptac6/ptac12/ptac14 (Pfalz et al. 2006 , Gao et al. 2012 ), clb19 (Chateigner-Boutin et al. 2008 , delayed green1 (Chi et al. 2008 ) and ys1 (Zhou et al. 2009 ). With similar results in the pdm1/sel1 mutant, the increase in NEP-dependent transcripts in RNAi 4 plants may be indirectly in line with the possibility of a division of labor between PEP and NEP during plastid development and in mature chloroplasts using the primary transcriptome analysis in barley, thereby suggesting a feedback mechanism between PEP and NEP activity (Zhelyazkova et al. 2012 , Pyo et al. 2013 ). The decreased accumulation of PEP-dependent transcripts probably can be interpreted in three ways. In addition to the chloroplast-encoded catalytic core subunits, PEP is a multisubunit (bacterial-type) polymerase, which contain extra polypeptides associated with transcriptionally active chloroplast chromosomes (Summer et al. 2000 , Pfalz et al. 2006 ). Thus, PDM2 may be involved in the regulation of the PEP transcription machinery by association with PEP components. Another possible explanation for the reduced levels of PEP-dependent transcripts is that the stability of the transcripts may be lower, or the rate of mRNA turnover enhanced, in them. In fact, a number of nuclearencoded factors that affect the stability of chloroplast gene transcripts have been identified. For example, in Chlamydomonas, a 140 kDa tetratricopeptide repeat protein, Nac2, is strictly required for the stabilization of psbD transcripts via a large protein complex that is associated with RNA (Boudreau et al. 2000) . Finally, it is also possible that the reduced levels of PEP-dependent transcripts in RNAi 4 plants are due to inefficient assembly of the plastid ribosome, since (for instance) translation initiation or translation of PEP subunits is limited, and may account for reduced PEP activities, in ribosome-deficient mutants (Hess et al. 1993, Zubko and Day 2002) .
PPR proteins have been shown to be involved in RNA editing of chloroplasts or mitochondria (Kotera et al. 2005 , ChateignerBoutin et al. 2008 , Cai et al. 2009 , Okuda and Shikanai 2012 , Zhu et al. 2012 ) and, so far, all of these proteins belong to the E/E+ and DYW subgroup of the PPR protein family. Nevertheless, in the present study, we found that PDM2, as a P-subfamily member, is also required for RNA editing in plastid transcripts (Figs. 6A, 9 ; Supplementary Fig. S2 ). In fact, in previous studies, a P-class protein, PPR596, has been shown to influence RNA editing in mitochondria, presumably by affecting RNA turnover or site accessibility; however, no P-class proteins has been shown to act as a true specificity factor to date (Doniwa et al. 2010, Barkan and Small 2014) . With respect to the gene model, the PDM2 gene contained nine introns. This is in contrast to the fact that previously identified PLS subclass proteins involved in RNA editing did not contain any introns. Like the PPR596 gene containing three introns, PDM2 probably had expanded during the evolution of flowering plants and was consequently involved in the efficient editing events in plastids (Doniwa et al. 2010) .
In this study, we found that some of the RNA editing sites have low efficiency even in the wild type ( Fig. 9 ; Supplementary Fig. S2) ; the fact that this finding is different from previous reports may be as a result of different environmental conditions, such as altered temperature or light intensity which can lead to different editing efficiency (Karcher and An equal volume of each gradient fraction was analyzed by Western blot analysis using a FLAG antibody. The position of RbcL as the loading control is shown. The positions of the molecular size markers are indicated, as described previously (Peng et al. 2006) . (B) Yeast twohybrid analyses of the interactions between PDM2 and MORF2, MORF9 and PPO1. Plasmid construction and yeast two-hybrid analyses were performed as described in the Materials and Methods. Mature PDM2, MORF2 and MORF9 were fused to the GAL4 DNAbinding domain (BD; top BD-MORF2, middle BD-MORF9 and bottom BD-PDM2) and the GAL4 activation domain (AD). Yeast cells transformed with pGBKT7-53 and pGADT7-T were used as a positive control, whereas those with pGBKT7-lam and pGADT7-T were used as a negative control. Bock 2002 , Zhang et al. 2014 ). In addition, we used the whole plant as research materials to perform this assay, and it has been reported that chloroplast editing efficiencies of particular editing sites are different in different tissue; for example, the most striking editing deficiency is in an editing site in ndhB that is edited at only 8% in roots of maize (Peeters and Hanson 2002) . Compared with the wild-type plants, most of the editing sites in plastid transcripts of RNAi 4 were influenced by the disrupted expression of PDM2 under the same cultivation conditions ( Fig. 9; Supplementary Fig. S2 ), indicating that there may be an extensive recruitment of PDM2 to target transcripts, which is in contrast to known PPR editing factors that affect no more than three sites (Takenaka et al. 2013 ). This also indicates that a different pathway may be involved in the RNA editing of PDM2. Furthermore, we have provided evidence that PDM2 directly interacts with MORF2 and MORF9, and the RNAi 4 plants show a variegated phenotype on true leaves that was similar to that of the morf9 mutant ( Fig. 2A-D) . To elucidate whether PDM2 has a similar function to PPO1, through affecting the stability of MORF2 and MORF9 and leading to a low editing efficiency in chloroplast, further genetic and biochemical studies on PDM2 should be conducted to gain more detailed insights into its function in the stability of the MORF2 and MORF9. As reported in previous research, the RNA editing was carried out by editosomes in the organelles (Bentolila et al. 2012) . Editosomes (200-400 kDa) were shown to be composed of PPRs, MORFs, organelle RNA recognition motif-containing protein (ORRM) and organelle zinc finger editing factor family (OZ) proteins (Sun et al. 2015) . Moreover, sucrose gradient fractionation followed by immunoblot analysis showed that PDM2 has a mass of 70-300 kDa and this position partly comigrated with the editosome (Fig. 10A) . These results assumed that PDM2 acts as a component of editosomes, which extensively affects RNA editing in chloroplasts. Similar to MORF proteins required for the complete editing of almost all sites in plastid transcripts, PDM2 might serve as a universal factor in the editing apparatus (Bentolila et al. 2012 , Takenaka et al. 2013 , Sun et al. 2015 . In addition, because altered RNA stability or RNA processing indirectly influences editing efficiency Hanson 1992, Chateigner-Boutin and , we could not rule out the possibility that the reduced RNA editing efficiency was due to defects at the transcript level of the plastidencoded genes or the reduced transcription could be explained by the secondary effect of the RNA editing defects. In fact, a similar absence of effects on the expression of nuclear genes encoding chloroplast proteins has also been observed in the pdm1/sel1 mutant, which is required for the accumulation of PEP-dependent transcripts and RNA editing; more interestingly, PDM1/SEL1 was also identified to interact with the MORF proteins (Zhang et al. 2015) . Thus, the two proteins PDM1/SEL1 and PDM2 probably belong to the same type of factors. Although the disruption of PDM2 showed several similarities to pdm1 mutants, including transcript pattern and accumulation, and RNA editing by interacting with MORF factors (Pyo et al. 2013 , Zhang et al. 2015 , the molecular function of PDM2 currently remains elusive. Further investigation of the function of PDM2 at different expression levels should facilitate the general understanding of plastid gene expression in chloroplast.
Materials and Methods
Plant materials and growth conditions
The Arabidopsis (Arabidopsis thaliana) pdm2 mutant (SALK_002449; ecotype Columbia) was obtained from the Arabidopsis Biological Resource Center. T-DNA was inserted into exon 3 of AT1G10910, and the homozygous mutant was confirmed by PCR using primers LP (5 0 -GAAGTAGATGTAGTAGTGCCTG-3 0 ) and RP (5 0 -TTCAGAAGCCAAACGAAACGAG-3 0 ). The T-DNA insertion was verified by PCR followed by sequencing using primers LBb1.3 (5 0 -ATTTTGCC GATTTCGGAAC-3 0 ) and LP. The pdm2 mutant and wild-type plants were grown on half-strength Murashige and Skoog medium (Murashige and Skoog 1962) containing 1% sucrose and 0.8% agar at 22 C with a photon flux density of 100 or 40 mmol m -2 s -1 in a photoperiod of 10 h of light and 14 h of darkness.
For the generation of FLAG-tagged PDM2 complementation lines, DNA encoding the PDM2 CDS sequence without the stop codon and FLAG sequence was amplified and cloned into the pSN1301 binary vector under the control of the Cauliflower mosaic virus 35S promoter. After verification by sequencing, the construct was transformed into the Agrobacterium tumefaciens EHA105 strain and introduced into heterozygous pdm2 plants by the floral dip method (Clough and Bent 1998) . Transgenic plants were selected on half-strength Murashige and Skoog medium containing 50 mg l -1 hygromycin, and successful complementation was confirmed by PCR and Chl fluorescence analysis. The PCR primers for complementation are given in Supplementary Table S1 .
The pFGC5941 vector was used to construct an intron-spliced hairpin RNA (RNAi construct). Both antisense and sense versions of a specific 414 bp fragment with little sequence similarity to other genes from the coding region of the PDM2 gene were amplified, and successively inserted into the vector pFGC5941, to form the RNAi construct vector pFGC5941-dsRNAi-PDM2. Then, the resultant plasmid and the empty vector were introduced into wild-type plants. The RNAi transgenic plants were selected on half-strength Murashige and Skoog medium containing 20 mg l -1 BASTA. The RNAi primer pairs are listed in Supplementary Table S1. Chl contents, total protein preparations and immunoblot analysis For measurement of the Chl content, leaves from 2-week-old Arabidopsis seedlings were collected. The Chl was extracted in 80% acetone and quantified on a UV2800 spectrophotometer (Unico); the methods were as described in a previous study (Huang et al. 2009 ). The total proteins were extracted from 2-weekold Arabidopsis leaves, and the protein concentrations were determined using the Bio-Rad detergent-compatible colorimetric protein assay. After electrophoresis, the proteins resolved by SDS-PAGE were transferred to nitrocellulose membranes and incubated with specific antibodies, and the signals were visualized using the enhanced chemiluminescence method. Aliquots of 15 mg (wild type), 7.5 mg (one-half wild type), 3.75 mg (one-quarter wild type), 1.875 mg (one-eighth wild type) and 15 mg (pdm2) of total protein were loaded. The membranes were incubated with specific primary antibodies, and the signals from secondary conjugated antibodies were detected using the enhanced chemiluminescence method. X-ray films were scanned using an AlphaImager 2200 documentation and analysis system. FLAG and ACTIN antibodies were purchased from Abcam Company. Other antibodies were used in immunoblot analysis according to Xiao et al. (2012) .
Nucleic acid preparation, RT-PCR and quantitative real-time PCR analysis
Total RNA was isolated from 3-week-old plants with TRIZOL reagent, followed by treatment with RNase-free DNase I (Tiangen) at 37 C for 1 h to degrade genomic DNA. Treated RNA samples (1 mg each) were used as templates for first-strand cDNA synthesis (Invitrogen). The resulting cDNAs were then subjected to PCR amplification using gene-specific primers. To examine the expression of chloroplast genes, RT-PCR and quantitative real-time PCR analyses were performed according to a previous study (Chi et al. 2008) . Three independent experiments were repeated using Actin11 as an internal control. The primer sequences used in real-time PCR analysis are described in Pyo et al. (2013) .
Northern blot analysis
Total RNAs were extracted, fractionated and transferred onto nylon membranes, which were probed with 32 P-labeled cDNA probes. Following high-stringency hybridization and washing, all of the blots were exposed to X-ray film for 1-3 d. The hybridization probes were prepared using a random priming labeling kit (Promega) with the PCR fragments of encoding regions of target genes.
Analysis of RNA editing
Analysis of RNA editing was performed according to Zhang et al. (2014) . In brief, total extracted RNA from leaves of RNAi 4 and wild-type plants was treated with DNase I and then reverse transcribed with random hexamers (TAKARA). A series of specific primers for the genes encompassing the editing sites in Arabidopsis (Cai et al. 2009 ) were used to amplify these gene sequences from the cDNA by RT-PCR, and the products were sequenced directly. The levels of RNA editing were estimated by the relative heights of the peaks of the nucleotide in the sequence analyzed, and the relative height was determined by Image-J software.
Subcellular localization of GFP proteins
A fragment encoding the N-terminal amino acids 1-198 of PDM2 was amplified by RT-PCR with primers 5 0 -CTCGAGATGAAATCACCAAAACCTCC-3 0 and 5 0 -GAATTCTTTCAGACCATCGCGCTTC-3 0 and subcloned into the pUC18-35s-sGFP vector to generate a fusion protein with GFP as a reporter in the Cterminus. The vectors for nuclear, chloroplast and mitochondrial localization were constructed according to Cai et al. (2009) . The resulting fusion constructs and the control vector were introduced into wild-type Arabidopsis. The GFP signals in the examined samples were visualized using a confocal laser-scanning microscope (LSM510; Carl Zeiss).
Chloroplast isolation and fractionation
Chloroplast isolation assays were performed as described previously (Aronsson and Jarvis 2002) with the following modifications. Briefly, 3-week-old Arabidopsis plants were homogenized in isolation buffer (0.33 M sorbitol, 5 mM MgCl 2 , 5 mM EGTA, 5 mM EDTA, 50 mM HEPES-KOH pH 8.0 and 10 mM NaHCO 3 ), filtered through Miracloth and centrifuged for 1 min at 1,000 Â g. The pellets were resuspended and loaded onto Percoll step gradients (40% and 70% in isolation buffer), and chloroplasts were collected and washed twice with import buffer (50 mM HEPES-KOH, pH 8.0, 3 mM MgSO 4 and 0.33 M sorbitol). Intact chloroplasts were fractionated into the outer and inner envelope, stromal and thylakoid membrane fractions as described previously (Keegstra and Yousif 1998) .
Arabidopsis chloroplast stroma was loaded onto a linear 0.1-1 M sucrose gradient in 5 mM MgCl 2 , 10 mM NaCl, 0.06% dodecyl b-D-maltoside and 25 mM MES-NaOH (pH 5.7). The gradient was centrifuged for 22 h at 180,000 Â g at 4 C using an SW40 Ti rotor (Beckman), and 20 fractions were collected from the top to the bottom of the gradient. After fractionation, the proteins in each fraction were separated by SDS-PAGE, followed by immunoblot analysis. The molecular weight estimation of the localized proteins is described by Peng et al. (2006) .
Light and electron microscopy
To examine the development of the embryos, ovules from different developmental stages were treated with a clearing solution of chloral hydrate, water and glycerol (8 : 2 : 1, by vol.) for 12 h. The developing embryos were then analyzed under a Nomarski microscope (Leica DM 2500). Sections of leaf tissue were prepared for electron microscopic observation as previously described, with minor modifications (Wang and Kollmann 1996) . Briefly, Arabidopsis leaf tissue was fixed with glutaraldehyde followed by osmium tetroxide and dehydrated in an ethanol series before being infiltrated with Spurr's resin. Polymerization was conducted at 70 C for 8 h. Specimens were sliced to yield ultra-thin sections (LKB-8800) and stained with uranyl acetate and alkaline lead citrate before being examined with a JEM-100S transmission electron microscope.
Yeast two-hybrid analysis
Gal4-based yeast two-hybrid assays were performed using the Matchmaker Gold Yeast Two-Hybrid System from Clontech according to the manufacturer's instructions. The vectors pGADT7 and pGBKT7 were used to construct the prey and bait plasmids, respectively. The plasmids constructed for yeast assays are listed in Supplementary Table S2 . Y2HGold yeast cells containing each of the activation domain constructs were transformed with each of the binding domain constructs and plated on synthetic dropout (SD) medium containing 10 mg l -1 X-a-Gal (5-bromo-4-chloro-3-indolyl-a-D-galactopyranoside) without tryptophan, leucine and histidine. b-Galactosidase activity was assayed in the presence of X-a-Gal.
Supplementary data
Supplementary data are available at PCP online. 
